CD4 T cells provide protection against cytomegalovirus (CMV) and other persistent viruses, and the ability to quantify and characterize epitope-specific responses is essential to gain a more precise understanding of their effector roles in this regard. Here, we report the first two I-A d -restricted CD4 T cell responses specific for mouse CMV (MCMV) epitopes and use a major histocompatibility complex class II (MHC-II) tetramer to characterize their phenotypes and functions. We demonstrate that MCMV-specific CD4 T cells can express high levels of granzyme B and kill target cells in an epitope-and organ-specific manner. In addition, CD4 T cell epitope vaccination of immunocompetent mice reduced MCMV replication in the same organs where CD4 cytotoxic T lymphocyte (CTL) activity was observed. Together, our studies show that MCMV epitope-specific CD4 T cells have the potential to mediate antiviral defense by multiple effector mechanisms in vivo. C ytomegalovirus (CMV)/human herpesvirus 5 (HHV-5) (the prototypic betaherpesvirus) infection is endemic in humans and wild mice and establishes a lifelong infection in the absence of acute disease in healthy hosts. Adaptive immunity is a critical component of CMV defenses, restricting primary infection and dampening reactivation, helping to maintain the largely benign host-virus equilibrium. However, if immunity is naive or compromised (e.g., in transplant recipients or congenital infection), CMV can cause serious disease (1, 2). In immunocompetent mice, CD8 T cells help to control acute CMV infection and establish latency (3, 4), and their adoptive transfer prevents disease in mice and humans with weakened immunity (5-8). Although much less well studied, CD4 T cells also contribute to defense against CMV. Their rapid expansion and numbers correlate with reduced disease in transplant and HIV patients (9-11), and correspondingly, delayed induction of CMV-specific CD4 T cells is associated with increased congenital infection (12) and prolonged viral shedding in infants (13). Notably, no protective correlates were seen with CMV-specific CD8 T cell responses in several of these studies. In mice, CD4 T cells are absolutely required to control mouse cytomegalovirus (MCMV) replication in the salivary glands-the key site of viral dissemination, where CD8 T cells can exert no control (14, 15)-and also contribute to immune control in several other organs. Adoptive transfer of MCMV-specific transgenic CD4 T cells provides some protection in immunocompromised mice (16), and cotransferring CMV-specific CD4 T cells reduces viral load and promotes "help" for CMV-specific CD8 T cell responses in patients receiving cellular immunotherapy (17).
C
ytomegalovirus (CMV)/human herpesvirus 5 (HHV-5) (the prototypic betaherpesvirus) infection is endemic in humans and wild mice and establishes a lifelong infection in the absence of acute disease in healthy hosts. Adaptive immunity is a critical component of CMV defenses, restricting primary infection and dampening reactivation, helping to maintain the largely benign host-virus equilibrium. However, if immunity is naive or compromised (e.g., in transplant recipients or congenital infection), CMV can cause serious disease (1, 2) . In immunocompetent mice, CD8 T cells help to control acute CMV infection and establish latency (3, 4) , and their adoptive transfer prevents disease in mice and humans with weakened immunity (5) (6) (7) (8) . Although much less well studied, CD4 T cells also contribute to defense against CMV. Their rapid expansion and numbers correlate with reduced disease in transplant and HIV patients (9) (10) (11) , and correspondingly, delayed induction of CMV-specific CD4 T cells is associated with increased congenital infection (12) and prolonged viral shedding in infants (13) . Notably, no protective correlates were seen with CMV-specific CD8 T cell responses in several of these studies. In mice, CD4 T cells are absolutely required to control mouse cytomegalovirus (MCMV) replication in the salivary glands-the key site of viral dissemination, where CD8 T cells can exert no control (14, 15) -and also contribute to immune control in several other organs. Adoptive transfer of MCMV-specific transgenic CD4 T cells provides some protection in immunocompromised mice (16) , and cotransferring CMV-specific CD4 T cells reduces viral load and promotes "help" for CMV-specific CD8 T cell responses in patients receiving cellular immunotherapy (17) .
In addition to traditional helper functions, CD4 T cells can also mediate direct antiviral activity in some cases. In chronic human CMV (HCMV), Epstein-Barr virus (EBV), and HIV infections, CD4 T cells displaying a terminally differentiated effector phenotype and/or expressing canonical cytolytic molecules (e.g., granzymes and perforin) are present in peripheral blood (18) (19) (20) . The ability of these CD4 T cells to directly kill cells in an antigenspecific fashion has been demonstrated in most cases after their isolation and subsequent expansion/manipulation in culture (21) (22) (23) . Notably, however, a few studies have shown that HCMVspecific CD4 T cells can mediate killing directly ex vivo in cell culture assays (24) (25) (26) . CD4 cytotoxic T lymphocytes (CTLs) can be induced in virus-infected mice within a relatively short time (weeks) (27) (28) (29) (30) (31) (32) , albeit ex vivo assays have normally been used to define their killing capacity and human CD4 CTLs have been isolated and studied largely from persons who have been chronically infected for several years. Studies in both mice and humans suggest that perforin and granzyme are key mediators of CD4 T cellcytolytic activity, but tumor necrosis factor (TNF) family ligands, such as FasL and TRAIL, likely can also contribute (24, 25, 27, 29, 32) . Notably, despite the fact that several studies have assessed the phenotype and/or function of virus-specific CD4 CTLs that develop in CMV-infected humans, almost nothing is known about their role in the context of MCMV infection.
Although CD4 T cells have the capacity to mediate antiviral defense via cytolysis in some cases, the relative importance of this CTL activity, as well as the factors regulating their differentiation, remains largely unclear. We hypothesized that epitope-specific CD4 CTLs might be induced during MCMV infection, given what has been observed in CMV-infected humans. Consistent with this hypothesis, we now report the identification of the first MCMV epitope-specific CD4 T cell responses restricted by major histocompatibility complex class II (MHC-II) (I-A d ) in BALB/c mice, a model of CMV infection utilized for more than 50 years. An MHC-II tetramer comprised of the m78 417-431 epitope was constructed and was utilized to enrich and characterize the phenotype and function of these cells. We demonstrate that MCMV epitopespecific CD4 T cells can mediate the killing/loss of peptide-loaded target cells in vivo and that this effector function varies dramatically depending on the tissue where they reside. Finally, epitope vaccination protected against MCMV challenge in immunocompetent mice, the first evidence that CD4 T cells can mediate nonredundant, early defense against CMV infection. Altogether, this study significantly furthers our understanding of how CMV-specific CD4 T cells function during natural infection and highlights the importance of considering their contributions in the context of vaccination against this persistent virus.
MATERIALS AND METHODS
Mice and virus. BALB/c mice were purchased from Jackson Laboratories (Bar Harbor, ME) and bred under specific-pathogen-free conditions at the La Jolla Institute for Allergy and Immunology (LJI). All experiments were performed in 8-to 12-week-old mice in accordance with the guidelines established by the AAALAC and the LJI IACUC. Viral stocks derived from the bacterial artificial chromosome (BAC)-derived Smith strain of MCMV (33) or a stock obtained from the ATCC (VR-1399) were used, and no significant differences were seen in the results obtained with either. Intraperitoneal infection was performed with 2 ϫ 10 4 PFU of salivary gland-derived (SG) or 2 ϫ 10 5 PFU of mouse embryonic fibroblast (MEF)-derived (TC) viral stocks. MCMV replication levels in organs were determined by plaque assay in 3T3 cells as described previously (34) .
IFN-␥ ELISPOT assay and ICCS. Enzyme-linked immunospot (ELISPOT) assays were performed as described previously (35) . For CD4 T cell intracellular cytokine staining (ICCS) of spleen, liver, or lung cells, 1 ϫ 10 6 cells were incubated with 5 g/ml of m53 285-299 or m78 417-431 15-mer peptides for 8 h or treated with phorbol myristate acetate (PMA) (100 ng/ml) and ionomycin (500 ng/ml) for 5 h in the presence of brefeldin A (2 g/ml). The cells were then surface stained, fixed, and permeabilized using BD Cytofix/Cytoperm buffer and stained for intracellular cytokines. The antibodies used were Alexa-Fluor 700 CD3, efluor450 CD11a, and peridinin chlorophyll protein (PerCP)-efluor710 CD49d (all from eBioscience); brilliant violet 570 (BV570) CD4 and BV605 TNF-␣ (clone MP6-XT22) (both from Biolegend); and V500 CD44, phycoerythrin (PE)-Cy7 gamma interferon (IFN-␥) (clone XMG1.2), PE-CF594 interleukin 2 (IL-2) (clone JES6-5H4), allophycocyanin (APC) IL-10 (clone JES65-16E3), and PE IL-17A (clone TC11-18H10) (all from BD Biosciences). Samples were acquired on a BD LSR II cytometer, and data were analyzed using FlowJo software (FlowJo).
In vivo peptide restimulation. On day 8 of infection, mice were injected intravenously (i.v.) with 100 g of m78 417-431 peptide. After 3 h, spleens, livers, and lungs were harvested. Single-cell suspensions from the spleen and liver were prepared as described previously (36) . The lungs were perfused prior to harvest, cut into small pieces, and incubated in RPMI medium supplemented with collagenase D (1 mg/ml), DNase I (10 g/ml), and 5 mM CaCl 2 for 30 min at 37°C. The digested organ was passed through a 70-m cell strainer and further processed similarly to the spleen. The resulting cell suspensions were subjected to m78 tetramer enrichment as described below in medium containing 10 g/ml brefeldin A. The enriched fraction was analyzed for cell surface and intracellular marker/cytokine expression as described above for ICCS.
Peptide-MHC-II tetramer enrichment and flow cytometry. Biotinlabeled m78 (I-A d ) monomers were generated by the NIH Tetramer Core Facility (Emory, AL) and were tetramerized by addition of streptavidin-APC (Life Technologies) according to their protocol. Single-cell suspensions prepared from various organs were subjected to m78-specific CD4 T cell tetramer enrichment as described by the Pepper et al. (37) . Briefly, the cells were incubated for 1 h at 25°C with m78-APC tetramer, followed by addition of anti-APC magnetic beads (Miltenyi Biotec). Samples were enriched for bead-bound cells on magnetic columns. Cells from the enriched fraction (or flowthrough) were incubated with various antibodies to determine the phenotype of m78-specific CD4 T cells: PE-CF594 CD69 (H1.253) (BD Biosciences), fluorescein isothiocyanate (FITC) KLRG-1 (2F1), PE-Cy7 CD28 (clone 37.51), APC-efluor780 PE BTLA (clone 8F4), and CD127 (clone A7R34) (all from eBioscience) and BV605 PD-1 (clone 29F.1A12), PECy7 CD27 (clone LG-3A10), APC-Cy7 CD43 (1B11), and PE HVEM (all from Biolegend).
In vivo CD4 T cell cytotoxicity assay. Splenocytes were harvested from naive BALB/c mice and incubated with either 5 g/ml each of m53 285-299 and m78 417-431 peptides (targets) or dimethyl sulfoxide (DMSO) for 1 h at 37°C and then washed and labeled with carboxyfluorescein succinimidyl ester (CFSE) (Molecular Probes) in phosphate-buffered saline (PBS)-0.1% bovine serum albumin (BSA) for 10 min at 37°C. The peptide-labeled targets were incubated with 1 M CFSE (CFSE hi ) and the DMSO-pulsed cells with 500 nM CFSE (CFSE lo ), washed, and mixed at a 1:1 ratio, and ϳ1 ϫ 10 7 cells were injected i.v. into naive or MCMVinfected (day 8) mice. After 16 h, the mice were sacrificed, spleen and liver mononuclear cells were isolated and stained with efluor450 anti-MHC-II (clone M5/114. 15 hi in naive mice/percent CFSE lo in naive mice] ϫ 100). For analyses in mice depleted of CD4 (clone GK1.5) or CD8 (clone 2.43) T cells, 150 g of antibody was injected intraperitoneally (i.p.) at days 5 and 7 of infection prior to injecting CFSE-labeled targets on day 8, and Ͼ97% depletion was achieved in all mice. For analysis of granzyme B expression, total or tetramer-enriched spleen or liver cells were ex vivo fixed, permeabilized, and stained with PE anti-granzyme B (clone GB12; Invitrogen).
Peptide immunization. BALB/c mice were immunized a single time subcutaneously (s.c.) with 50 g of m53 285-299 or m78 417-431 peptide emulsified in complete Freund's adjuvant (CFA) (Difco, Detroit, MI). Mock-immunized mice received DMSO emulsified in CFA. Three weeks later, the mice were challenged with TC MCMV, and 4 days later, they were sacrificed for analysis of viral replication.
Statistical analysis. Statistical significance was analyzed by a MannWhitney test or a Kruskal-Wallis test as indicated in the figure legends. Unless otherwise indicated, the data represent means and standard errors of the mean (SEM).
RESULTS

Identification of MCMV epitope-specific CD4 T cell responses.
To identify MHC class II (I-A d )-restricted MCMV peptide epitopes, defined MCMV open reading frames (38) were used for algorithm-based predictions using tools available in the Immune Epitope Database (http://www.iedb.org), and the 234 highest ranked 15-mer peptides were subjected to further screening. CD4 T cells isolated from day 8 MCMV-infected mice were first incubated with pools of 10 peptides, and ELISPOT analysis was performed to assess their IFN-␥ production, followed by deconvolution of potentially positive pools (Fig. 1A) . Out of the 234 peptides, two (m53 285-299 and m78 [417] [418] [419] [420] [421] [422] [423] [424] [425] [426] [427] [428] [429] [430] [431] ) were found to activate CD4 T cells above the threshold value of 100 spot-forming cells (SFC)/10 6 CD4 T cells (Fig. 1B) . Although both m53-and m78-specific IFN-␥-producing CD4 T cells were readily measurable by ELISPOT assay, detecting them by ICCS and flow cytometry was challenging, with m78 comprising ϳ0.15% of total splenic CD4 T cells and m53 even less (ϳ0.06%) at day 8 of infection ( Fig. 1C ). These two CD4 T cell responses were virtually undetectable at day 28 when assessed by either assay, indicating they display largely canonical expansion and contraction kinetics and do not "inflate" over time (Fig. 1D) , as some MCMV-specific CD8 and CD4 T cells are known to do (39, 40) . To further assess whether these predicted epitopes might selectively identify inflationary MCMVspecific CD4 T cells, all 234 peptides were tested again in day 28-infected mice. However, unlike the I-A b -restricted m09 133-47 -specific CD4 T cells we have previously shown to selectively expand during the persistent phase of MCMV infection in C57BL/6 mice (39), no analogous inflationary response was identified using this pool of potential epitopes (data not shown).
Phenotype of m78-specific CD4 T cells during acute and persistent MCMV infections. CD4 T cells play a critical role in controlling MCMV in mucosal organs, such as the salivary gland and lung (15) . One hurdle in studying the identified MCMV epitopespecific CD4 T cells was their very low frequencies. Consequently, an MHC-II tetramer was generated using the m78 417-431 epitope, and mononuclear cells isolated from the spleen, liver, lungs, and salivary glands were subjected to tetramer enrichment (37) . A representative plot from each organ showing the successful enrichment of m78-specific CD4 T cells at day 8 after infection is depicted in Fig. 2A . An MHC-II tetramer generated using the m53 285-299 epitope was unfortunately not functional. The expression of various activation markers, adhesion molecules, and stimulatory/inhibitory cosignaling molecules of the TNF receptor (TNFR) and CD28 families was also assessed on m78-specific CD4 T cells and compared to levels expressed by naive CD4 T cells (CD44 lo ) isolated from the same tissues at both days 8 and 28 ( Fig.  2B to D) . The m78-specific CD4 T cells displayed roughly similar phenotypes in most cases, although some organ-specific differences in CD27, BTLA, and KLRG-1 expression were observed. At day 28, spleen and liver m78-specific CD4 T cells exhibited reduced expression of several surface markers, such as CD69, CD43, BTLA, PD-1, and CD27, compared to the day 8 levels. Notably, surface marker expression by m78-specific CD4 T cells was similar to that of the total MCMV-specific CD4 T cell response as gauged by CD44
hi CD11a hi CD49d ϩ expression (reference 41 and data not shown), at both peak expansion and early memory time points.
Cytokine expression of MCMV-specific CD4 T cells. As an initial attempt to gauge the magnitude and characteristics of the total MCMV-specific CD4 T cell response in various organs, cells isolated from naive and infected mice were restimulated ex vivo with PMA/ionomycin and their production of IFN-␥ was assessed. At day 8 of infection, an ϳ4% increase in the proportion of IFN-␥-producing CD4 T cells was observed in MCMV-infected spleens (ϳ8% in MCMV-infected and ϳ4% in naive mice) (Fig.  3A) . Roughly similar enhanced proportions of IFN-␥-producing CD4 T cells were also observed in the liver (ϳ6%) and lung (ϳ3%) at day 8 of infection (Fig. 3A) . Although the absolute numbers of IFN-␥ ϩ CD4 T cells resident in these nonlymphoid organs were much lower than in the spleen, the numbers increased after infection in all the tissues examined (Fig. 3A) .
Distinct subsets of CD4 T cells can be identified in large part based on their cytokine production, and whether MCMV-specific CD4 T cells were capable of producing additional cytokines (e.g., TNF-␣, IL-2, IL-10, and IL-17) was determined after PMA/ionomycin stimulation. The polyclonal MCMV-specific CD4 T cell response was estimated by CD44 hi CD11a hi CD49d ϩ surface marker expression (41) . Representative flow plots depicting the expression profiles of CD11a and CD49d of total CD4 T cells from spleens, livers, and lungs of naive and day 8 MCMV-infected mice are shown in Fig. 3B . In naive mice, ϳ5 to 20% of total CD4 T cells are CD11a hi CD49d ϩ , varying by organ, whereas 8 days after infection, an ϳ2-to 3-fold increase in the proportion of cells displaying this phenotype was observed. The CD44 hi CD11a hi CD49d ϩ compartment is not comprised solely of MCMV-specific cells in infected mice, as these "antigen-experienced" cells also exist at measurable levels in naive mice (Fig. 3B) . However, Ͼ95% of m78-specific cells show this phenotype (Fig. 3C) , indicating that almost all MCMV-specific CD4 T cells will likely be contained in this CD4 T cell compartment, as they are for several other viruses, but not all (41) . The majority (Ͼ50%) of CD44 hi CD11a hi CD49d ϩ CD4 T cells in the spleens of MCMV-infected mice were found to display a Th1-like phenotype, producing IFN-␥ and/or TNF-␣, much greater than the ϳ15% observed in naive mice. A
FIG 2 Phenotypic analysis of m78-specific CD4 T cells after MHC-II tetramer enrichment. (A) Tetramer (tet) enrichment of m78-specific CD4 T cells from spleen, liver, lung, and salivary glands (bottom) compared to nonspecific CLIP tetramer (top) from day 8 MCMV-infected BALB/c mice. (B and C) Phenotype of m78-specific tetramer-enriched CD4 T cells (open black histograms) compared to that of CD44 lo naive CD4 T cells (filled gray histogram) from spleens and livers (B) and lungs and salivary glands (C) of day 8 MCMV-infected mice. (D) Phenotype of m78-specific CD4 T cells from spleens and livers of day 28
MCMV-infected mice. Representative fluorescence-activated cell sorter (FACS) plots of the results of 2 or 3 independent experiments with groups of 4 mice each for both time points are shown. For liver, lung, and salivary glands, cells were pooled from multiple mice prior to enrichment due to low numbers. substantial proportion of these cells also produced IL-2 (ϳ40% compared to ϳ15% in naive mice), and a small, but readily identifiable, proportion also produced IL-10 (ϳ5%). No IL-17-producing CD4 T cells were observed at day 8 of infection following this polyclonal restimulation (Fig. 3D) . Although a similar enhanced proportion of CD44 hi CD11a hi CD49d ϩ CD4 T cells were found to produce IFN-␥ in the spleen, liver, and lungs (ϳ15 to 30%) after MCMV infection, again, their absolute numbers were much higher in the spleen than in the other nonlymphoid organs (Fig. 3E) .
The ability of m78-specific CD4 T cells to produce various effector cytokines was then assessed following their restimulation in vivo by injecting the m78 peptide epitope directly in day 8 infected mice, followed by tetramer enrichment. The m78-specific CD4 T cells were found by this method to primarily differentiate into IFN-␥-producing Th1-like cells, with virtually no expression of TNF-␣, IL-2, or IL-17 detected (data not shown). Similar to what was observed for the polyclonal MCMV-specific CD4 T cell response, ϳ20% of all splenic m78-specific cells produced IFN-␥ in the spleen, but interestingly, ϳ60% of all liver-resident m78-specific CD4 T cells were found to be IFN-␥ ϩ after in vivo peptide restimulation (Fig. 3F) .
CMV-specific CD4 T cells display CTL activity in vivo and confer protection after peptide immunization. In addition to helping antibody and CD8 T cell responses, CD4 T cells can mediate direct antiviral activity through their production of effector cytokines (e.g., IFN-␥ and TNF-␣). Although few studies exist in the context of MCMV infection, production of IFN-␥ by CD4 T cells has been reported to be a key component of their antiviral effector functions (14, 42) . Notably, CD4 T cells displaying a CTLlike phenotype circulate in persons infected with HCMV, and we wished to examine if this was also true for MCMV and also Frequencies of IFN-␥-producing m78-specific CD4 T cells at day 8 of infection were determined after in vivo m78 peptide restimulation followed by tetramer enrichment and intracellular cytokine staining. The data are representative of 2 independent experiments with 4 mice per group. The data represent means and SEM; *, P Ͻ 0.05; **, P Ͻ 0.005.
whether MCMV epitope-specific CD4 T cells might be capable of mediating direct cytolysis in vivo. Expression of granzyme B (encoded by gzmB) by CD4 T cells is a marker commonly used to identify potential CD4 CTLs, as it is a key effector molecule for killing target cells. gzmB expression was assessed in both CD44 hi and m78-specific CD4 T cells in both spleen and liver at day 8 after MCMV infection. Only a small proportion of CD44 hi CD4 T cells expressed gzmB in the spleen (ϳ3 to 5%), whereas ϳ30% of CD4 T cells in the liver expressed gzmB. When m78-specific CD4 T cells were analyzed, similar preferential expression levels of gzmB were seen in the liver and the spleen (spleen, ϳ2%, and liver, ϳ16%) ( Fig. 4A and B) . To assess whether this expression of gzmB correlated with the potential in vivo cytolytic activity of MCMV epitope-specific CD4 T cells, target cells were pulsed with m53 and m78 peptides and injected into day 8 MCMV-infected mice. Approximately 40% loss of MHC-II-positive target cells was observed in the liver, whereas essentially no loss of target cells was seen in the spleen (Fig. 4C ), entirely consistent with the relative expression of gzmB by MCMV-specific CD4 T cells in the two organs and strongly suggesting the cells can mediate direct cytolysis in vivo. As a comparison, target cells loaded with MCMV epitopes targeted by CD8 T cells (IE1 168 -176 and m164 257-265 ) showed Ͼ90% loss/lysis in both organs (data not shown). To demonstrate that CD4 T cells were responsible for the apparent killing of epitope-loaded target cells, mice were antibody depleted of either CD4 or CD8 T cells. As expected, target cell cytolysis was markedly (5-fold) reduced in the livers of CD4 T cell-depleted mice, with CD8 T cell depletion showing no effect (Fig. 4C) .
The importance of CD4 T cells in controlling chronic virus infection has made them a focus in the context of vaccine development (43, 44) . To assess whether these cells have the capacity to provide protection against CMV in a vaccine setting, immunocompetent mice received a single vaccination with m53 and m78 peptides in CFA, followed by MCMV challenge and assessment of viral replication 4 days later. We have observed that CD4 T cells normally provide no protection at this early time point in the spleen or liver during normal MCMV infection (determined after depletion with anti-CD4 antibody), while by day 8 of infection, their depletion results in dramatically higher titers in both organs (data not shown). Therefore, we focused on the day 4 time point to determine whether more rapid CD4 T cell-dependent control could be induced after epitope vaccination. Significantly en- hanced proportions of IFN-␥-producing m78 and m53 CD4 T cells were seen in immunized mice following infection (Fig. 4D) , and ϳ1,000 m78-specific CD4 T cells could be tetramer enriched from spleens of vaccinated mice prior to infection (data not shown), indicating the vaccination regimen was successful. In turn, vaccinated mice showed significantly reduced MCMV replication in the liver at day 4 of infection, with spleens and lungs trending toward protection but not reaching significance (Fig.  4E) . Notably, CD4 T epitope vaccination did not boost the MCMV epitope-specific CD8 T cell response (data not shown), indicating protection was likely due to directly enhancing CD4 T effector function.
DISCUSSION
Here, we identify the first MCMV epitope-specific CD4 T cells induced in BALB/c mice, extending our previous work identifying MCMV epitopes targeted by CD4 T cells in C57BL/6 mice (39). BALB/c mice have been used for decades to show the utility of CD8 T cell immunotherapy for protection against CMV-induced disease in the context of bone marrow transplantation (45) . The identification of these epitopes will facilitate studying how MCMV-specific CD4 T cells contribute in this transplant model, in addition to providing valuable new tools to assess their function(s) during normal infection and vaccination settings. BALB/c mice do not encode the Ly49H-activating receptor expressed by C57BL/6 mice, which binds the viral m157 protein and results in a potent NK cell response that is not representative of what occurs in most MCMV infections of outbred/wild mice (46, 47) . As NK cells play a role in shaping MCMV T cell responses (48, 49) , the ability to study MCMV epitope-specific CD4 T cell responses in both BALB/c and C57BL/6 mice will provide valuable new insight.
Virus epitope-specific CD4 T cells are often induced at very low frequency, which is the case for the m78 and m53 responses identified here, and this poses a challenge for their study. Fortunately, an MHC-II tetramer was successfully generated for analysis of CD4 T cells targeting the m78 417-431 epitope, allowing their characterization from several tissues after performing tetramer enrichment, which increases detection sensitivity by ϳ100-fold (37) . When the cell surface marker phenotype of m78-specific CD4 T cells was compared to that of the total antigen-experienced CD4 T cell compartment in MCMV-infected mice (based on their CD44 hi CD11a hi CD49d ϩ phenotype [41] ), they were quite similar for most markers examined, despite the fact that the m78 epitope likely identifies only ϳ3 to 5% of the entire MCMV-specific CD4 T cell response at times of peak expansion. This result strongly suggests that the apparent CD4 CTL activity mediated by m78 and m53 CD4 T cells in liver compared to spleen, as well as the enhanced protection in the organ after vaccination, is not likely to be unique to these two particular MCMV epitope-specific CD4 T cell populations. In addition, to estimate the cytokineproducing potential of m78 CD4 T cells, we performed in vivo restimulation with this epitope, which may be more representative of how these cells respond to natural encounter of MCMV antigens in vivo (50) . Interestingly, after peptide epitope injection into mice, only ϳ15% of m78-specific CD4 T cells present in the spleen produced IFN-␥, and no expression of IL-2 or TNF was observed. Consistently, a similar percentage of IFN-␥ ϩ m78 CD4 T cells was observed after PMA/ionomycin restimulation at the same time (data not shown). In contrast, ϳ40 to 50% of CD44 hi
CD11a
hi CD49d ϩ splenic CD4 T cells produced IFN-␥, IL-2, and/or TNF after PMA/ionomycin stimulation ex vivo, with many producing more than one of the cytokines. Whether this represents an inherent difference in the cytokine-producing potential of m78-specific cells from those of other MCMV-specific CD4 T cells or whether it is the result of technical differences when restimulating CD4 T cells by the two different methods remains to be determined.
Our results are the first we are aware of demonstrating that MCMV epitope-specific CD4 T cells can express high levels of granzyme B and that this expression is highly dependent upon the organ they reside in. Our data strongly suggest these cells can kill antigen-expressing target cells in vivo, and although other potential explanations for the specific loss of the peptide-loaded targets we observed are formally possible, we favor a model where these cells mediate direct cytolysis. Although helper functions of CD4 T cells have been studied for decades, more recently there has been increasing emphasis on deciphering nontraditional roles for CD4 T cells, especially with regard to harnessing these functions for potential vaccine development. In the context of several chronic viruses (e.g., HIV, HCMV, and EBV), CD4 T cells expressing canonical cytolytic molecules routinely circulate in the peripheral blood, but assessing the in vivo cytolytic potential of the cells is a major challenge for these human viral infections (21) (22) (23) . In mice, there are only a few reports presenting data consistent with CD4 T cells mediating in vivo antiviral CTL activity (27) (28) (29) (30) (31) (32) , highlighting the complexity and technical challenges associated with developing robust assays/models to assess this. Relatively early during MCMV infection, ϳ20% of m78-specific CD4 T cells resident in the liver express gzmB and appear capable of efficiently killing target cells there, whereas the ϳ2% that express gzmB in the spleen exhibit virtually no cytolytic activity. This dramatic organ-specific difference in m78 CD4 CTL functions is very intriguing and raises important issues regarding the need to further our understanding of how the tissue environment(s) regulates the priming and/or differentiation of virus-specific CD4 T cells with distinct effector functions. Recent studies show that the transcription factors ThPOK and Runx3 are key regulators of CD4 versus CD8 T cell lineage differentiation decisions. ThPOK maintains the helper identity of CD4 T cells, whereas forced expression of Runx3 induces a cytolytic gene expression program (51, 52) . Notably, in the gut mucosa, CD4 T cells lose ThPOK expression and acquire Runx3, suggesting chronic exposure to microbiota antigens can induce CD4 CTLs (53) . Whether the expression balance of these two transcription factors may also impact this process during MCMV infection is an interesting question. In turn, determining if "stable" and "inflationary" MCMV-specific CD4 T cells exhibit distinct CTL activities in C57BL/6 mice will be of interest, as inflationary CD4 T cells expand at times when MCMV replication is restricted largely to the salivary gland mucosa (39) .
In this study, we show for the first time that immunization with MHC-II (I-A d )-restricted epitopes protects against MCMV challenge at times when CD4 T cells normally do not contribute to immune defense. As the frequencies of ICCS-detectable, IFN-␥-producing m53-specific CD4 T cells are very low during natural infection (Fig. 1C) , it was comforting to also see a readily measurable population of these cells at day 4 following vaccination and MCMV challenge (Fig. 4D) . Although a significant reduction in MCMV replication was not observed in the spleen or lung (despite trending lower) and reduced liver replication levels were modest, we chose a relatively simple, single-priming vaccination regimen in these first studies. Whether greater vaccine-mediated protection in the liver is a result of enhanced CD4 CTL activity in the organ is currently being explored. In addition, discovering whether boosting with the peptide epitopes, altering the adjuvant regimen, and/or including other methods to enhance CD4 T cell induction (e.g., anti-CD40 or anti-OX40) will improve protection will be of great interest. 
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